Optimization of the nonthermal plasma-assisted method of synthesizing molybdenum carbide thin films on molybdenum particle substrates was initiated using a previously existing experimental setup. The yield of the apparatus used has increased by 20% as the result of redesign. The molybdenum carbide produced through nonthermal plasma has been characterized by transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). It is tentatively observed by using the TEM that an ethylene concentration of 3% gives the best molybdenum carbide surface layer. The quality of the product is unclear, indicating that further characterization is necessary. This novel method of catalyst production has been tested in very preliminary experiments with a water-gas shift reactor and the CO conversion was 0.5%, suggesting, again, that further optimization is necessary.
Introduction and Background

Motivation
Group VI transition metal carbides have received a great deal of attention, since it was shown that they have catalytic behavior similar to the noble metals.
1 Molybdenum carbide has been shown to possess catalytic activities for many different reactions, including water-gas shift (WGS) 2 , methane conversion to aromatics 3 , and reforming reactions, such as isomerization and cracking. 4 Molybdenum carbide also has exceptional chemical and thermal stability and resistance to poisons like sulfur and nitrogen oxides. 5 The literature suggests that having a nanolayer of catalyst encompassing a support increases the catalytic activity. 6, 7 The objective of this experiment is to form an even coating of molybdenum carbide on a molybdenum metal substrate and test its catalytic ability in a water-gas shift reactor.
The WGS is a reaction of industrial importance and possible fuel cell powered vehicles applications. 5 It is the reaction of water and carbon monoxide to produce carbon dioxide and hydrogen:
The catalyst for this reaction is often Cu-Zn-Al, Pt or other group VIII noble metals 2,5,8 , which are rare and expensive.
Molybdenum is significantly more abundant and less expensive than group VIII metals. Clean surfaces of molybdenum carbide are more reactive than platinum catalysts for reforming reactions 4 and perform better than the commercial Cu−Zn−Al catalyst used in WGS.
2
Using molybdenum carbide as a catalyst to replace Pt could lower operation costs and make fuel cell powered vehicles more feasible. However, a reliable, efficient, and inexpensive process for the production molybdenum carbide is necessary and is the focus of this work.
Previous Synthesis Techniques
Research groups have formed molybdenum carbide via self-propagating high-temperature synthesis 9 , carburization of M oO 3 4 , and metal-organic chemical vapor deposition 3 . These techniques, however, require high temperatures, long reaction times, and give low yields. Brezinsky has attempted to synthesize M oC utilizing microwave synthesis 10 , and that project has evolved into the current project utilizing nonthermal plasma. The plasma reactor began as a single chamber apparatus and has progressed to a two chamber reactor, consisting of a top and bottom chamber, in order to improve control of the plasma. Molybdenum carbide has catalytic activity because of its electronic structure.
to the d-band of the molybdenum 13 forming a thin carbide layer on the surface of the molybdenum particle. This formation of the carbide causes the surface reactivity to behave similarly to platinum group metals.
14 It is possible to form a thin, amorphous carbon overlayer on top of the carbide layer 12 , however that is not desirable 15 .
Characteristics of Plasma
Plasma is often times referred to as the fourth state of matter. As temperature increases, molecules go from being a solid to liquid to gas, and finally to plasma. Plasma is a gas of freely moving charged particles, electrons, and positive ions. 16 In a gas the temperature is defined by the average kinetic energy of the particle, molecule, atom, neutral, or charge. Plasma, then, will have multiple temperatures unless the particles collide enough to reach equilibrium. Because the mass of an electron is so small compared to a particle, many collisions are necessary for equilibrium to occur. In terms of particle temperatures, plasma can be characterized as thermal or nonthermal.
Thermal plasma occurs when the electrons and ions have nearly the same temperature. 16 It usually occurs in systems with pressures around atmospheric or higher because the collision frequency is pressure dependent. Thermal plasma is not common among chemical applications because it overheats the reaction media and is not selective.
16
Nonthermal (also referred to as glow discharge) plasma is used in this experiment. It occurs when the electrons are at a higher temperature than the ions. The operating pressures are normally less than one torr. The electrons have temperatures on the order of 104 K while the ions are around room temperature. Glow discharge plasmas offer good selectivity and efficiency. 16 
Characteristics of Electrostatic Particulate Suspension
Electrostatic Particulate Suspension (EPS) is used to form uniformly suspended particles. This is necessary in order to avoid particle clumping. The cloud of particles is formed by accelerating particles between parallel plate electrodes. 17 For this experiment the molybdenum particles are placed on the anode, causing the particles to become negatively charged. The particles are then attracted to the positively charged top plate. Once the particles reach the top plate they become positively charged and are then attracted back to the anode. This acceleration between the two electrodes creates a uniform cloud of molybdenum and prevents clumping of particles, which assists in coating individual particles.
Reaction
The plasma serves as a medium to form carbon radicals from the ethylene. The positively charged ions are driven towards the anode by the electric potential and the electrons are driven towards the cathode by the same potential. The population of ions and electrons collide with the ethylene molecules, ionizing them. The ionized carbon atoms then collide with the molybdenum particles and form a chemical bond.
The gas used for the plasma is argon and the source of the carbon is ethylene gas. Previous researchers have studied the parameters for gas flow and the optimal pressures. The optimal pressure for the EPS is 1200 torr 11 , and the parameters for ethylene concentration are 3% to 5%.
11 With less than 3% ethylene, molybdenum particles flow through the reactor without bonding with carbon and more than 5% ethylene causes carbon atoms to bond with other carbon atoms causing soot to form.
Description of Apparatus
The apparatus consists of two chambers; the EPS chamber and the plasma chamber. An actual photograph of the apparatus is shown in Figure 1 and a schematic of the apparatus is shown in Figure 2 .
EPS Chamber
The EPS chamber is on top of the plasma chamber. It has two parallel aluminum plates, which are used as the electrodes for EPS. When in operation the top chamber has a pressure around 1200 torr. The pressure is a function of the argon flow. Argon is the plasma-forming gas, and it enters into the top chamber through a hollow rod and comes out of exit holes on the side of the top plate. The bottom plate is not flat like the top plate. Instead, there is a semi-circular arc cut out beginning near the edge of the plate and ending close to the center leaving a circular nodule in the center. The argon and molybdenum access the bottom chamber through a 1 millimeter diameter hole in the middle of the nodule on the bottom plate. The molybdenum and argon continue to the bottom chamber through a hollow rod. The ethylene is introduced into the system in between the top and bottom chamber and flows into the bottom chamber around the hollow tube.
Plasma Chamber
The plasma chamber is under a vacuum with a pressure less than one torr when there are no gases flowing. When argon, with a flow rate of 0.174 in the bottom chamber increases to 42 torr. The cause of pressure difference between the top chamber and the bottom chamber is a nozzle, which is screwed on the end of the hollow rod. The particles then flow through the inner quartz tube. The inner quartz tube is used to direct the flow of the gas and particles into the plasma and ultimately to the filter. There are two holes near the bottom of the inner tube that are made to allow plasma to pass through the tube. Once the particles pass through the plasma they are collected on the filters. The filter holder consists of two 2 mm washers, a 40 or 100 micron metal sieve, and an 8 micron polycarbonate filter. The vacuum pump is connected to the bottom Teflon cap.
Materials and Methods
Using the Apparatus
The molybdenum is put on the bottom EPS plate and flattened around the center of the plate, keeping the bulk of the sample about one centimeter from the edge of the plate. Two filters are placed in the filter holder along with two 2-mm thick washers. The two washers are put in first, then a 100 or 40 micron metal sieve, then an 8-micron polycarbonate filter.
The vacuum pump is turned on and the bottom chamber is allowed to reach a stable vacuum pressure of less than one torr. The argon and ethylene flow is activated for about 2 minutes then the EPS voltage is adjusted. When the cloud of molybdenum is first noticed, the plasma is quickly turned on. Once the molybdenum cloud is no longer visible, the plasma is shut off, then EPS, then the flow of argon and ethylene, and lastly the vacuum pump is shut off. 
Instrumental Analysis
Transmission Electron Microscopy
In transmission electron microscopy, an electron is the source of illumination. The electrons are transmitted through the sample to generate contrast that allows observation of the structure of the sample. The sample must be very thin so the electrons are able to penetrate it. The resulting image displays structural detail at very high resolution, of the order of fractions of a nanometer. The TEM used for the analysis was the JEOL JEM-3010. It operates at a voltage of 300 kV and the highenergy electrons are provided by an electron gun. The electrons strike the "electron-transparent" specimen and may undergo any of several interactions with the specimen. The interaction most concerning this experiment is the diffraction of electrons by the periodic order of atomic planes in the specimen. Table II .
Sample Preparation for TEM
The sample must be crushed using a mortar and pestle in order to make the particles electron transparent. Isopropanol is put directly into the mortar and stirred to suspend the particles. A micropipette is used to put a drop of the particle and isopropanol mixture on a 3 mm holey carbon/copper TEM grid.
TEM Limitations
The reference d-spacing values for M o, M o x C y , and M o x O y have little deviation, and sometimes they have the same value, making it challenging to determine if the specimen is a carbide, oxide, or molybdenum starting material. Another limitation is that molybdenum carbide has an average particle size of 44 microns, which is much too large for the electron beam to transmit through. The molybdenum carbide then must be crushed in order to make it thin enough to be transparent. Crushing the sample makes evaluating the surface difficult because it is difficult to know if the surface of the particle is being viewed. The TEM is also time consuming, taking about one to three hours to view about three particles from one sample. In addition, the area analyzed may not be characteristic of the entire sample.
X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is an analytical technique that measures the energy spectra of electrons emitted from the surface (1-10 nm deep) of a material when exposed to monochromatic X-rays. 18 In this experiment, the Kratos Analytical Limited Axis 185 is used to determine what elements are present on the surface of a sample, what the chemical state of the surface is and the atomic and mass percentages of the surface are.
XPS works by inducing emission of an electron from the core electronic levels by an X-ray photon. The emitted electron is the photoelectron. The photoelectron has a characteristic energy, and this energy reveals the binding energy (eV) of the binding scheme from which it came. The binding energies reveal what elements and compounds are present. Argon ions with an energy of 4 kV can be used to etch the sample. Etching removes surface contaminants and obtains information on composition as a function of depth into the sample.
Sample Preparation for the XPS
Enough of the sample is put on carbon tape to ensure that the carbon tape does not skew the results. The sample is then mounted on a stainless steel nub in the XPS and the vacuum chamber is allowed to pump overnight.
XPS Limitations
The system needs to be under an ultra-high vacuum, meaning the sample needs to be mounted a day before the analysis so the vacuum chamber can pump overnight. In addition, quantitative analysis requires about one hour per sample. A limitation with ion etching is that it may change the chemical nature of the surface by reducing the binding energies making it so that the identification of the remaining chemical states may not reflect initial composition accurately.
Discussion and Results
Source of the Most Products Lost
The average yield of the apparatus was around 25% before any changes were made. In order to determine what the source of product loss was, all the different components in the apparatus were pre-weighed before an experiment and then re-weighed after the experiment. After two experiments, it was obvious that the inner quartz tube (see Figure 3(a) ) was where most of the uncollected particles resided, collecting nearly 30% of the starting material (Experiments 1 and 2 in Table I of the Appendix). After closer observations of the apparatus, this problem was from the nozzle splattering M o on the inner walls of the tube. The conical shape of the tube keeps M o from being pulled down by the vacuum. In order to reduce the amount of Mo collected by the quartz tube, a new tube was designed. The new straight cylindrical shape (see Figure 3(b) ) would guide the Mo into the plasma and reduce the amount of M o being prevented plasma access. After three experiments, it was found that the new tube only collected 3% to 4% of the starting molybdenum, a vast reduction from the previous percentages and the percent yield increased to around 50% (Experiments 34, 35 and 36).
Optimum Nonthermal Plasma Range
Thermal plasma is easier to manage than nonthermal plasma because of its lower bulk temperature, which in turn aids in the prevention of thermal deforming of the molybdenum particles. However, parameters to find the correct range of current and power to induce nonthermal plasma must be found experimentally. If the current and power is too high the plasma will eventually change to the thermal form or produce stray arcing. However, if the power is too low the plasma will not form or will die out so it is imperative to find the balance between the two extremes. In order to achieve a glow-discharge, it was found that the plasma power could be set from 2.1 to 2.5 kilovolts and 0.21 to 0.29 milliamperes. These parameters produce a controlled "cloud" of plasma that does not ultimately transform into thermal plasma.
Filtering Methods
The filtering system used in most of the experiments is illustrated in Figure 4 as "Sandwich" filters. The top metal sieve is needed in order to alleviate the potential for the filter to fail through heat deformation and material strain as a result of the thermal plasma sometimes formed. Figure 5(a) shows the 8-micron filter before being used and Figure 5(b) shows the filter after an experiment with only argon plasma. The bottom metal sieve was needed to provide support for the polycarbonate filter so it did not break. The 8-micron filter is used to catch most of the molybdenum carbide.
FIG. 4:
Above is a scheme of the filters used to catch the M oC product. Two different schemes were used depending on the available materials.
Detection of Molybdenum Carbide with TEM
In order to detect if molybdenum carbide was produced, transmission electron microscopy (TEM) was used. Once the sample is placed inside the JEOL JEM-3010 TEM, one of the many particles is then chosen to be inspected for having d-spacing values comparable to the values seen in Table II 10 d-spacings were captured, which is within the parameters of one of the theoretical values for molybdenum carbide, 2.12 nanometers. Also discovered were a few dark spots with approximately 3.12 to 3.23 nanometers per 10 d-spacings which correlates with the various forms of molybdenum oxide values, between 2.67 to 3.27 nanometers.
19 . This presence of molybdenum oxide is attributed to the exposure of the sample to air. Experiments 26 and 27, which both had ethylene concentrations of around 3%, had d-spacing values closest to literature values for molybdenum carbide. They also showed the most even coverage on the particles. These discoveries suggest that ethylene concentrations of 3% are the most favorable in forming molybdenum carbide with an even covering. However, TEM data is highly ambiguous because the d-spacing values are so similar. For example, even Mo metal showed d-spacing values that correlate with molybdenum carbide. Experiments with 3% ethylene concentration were analyzed with the XPS also.
Detection of Molybdenum Carbide with XPS
Due to the limitations of the TEM, the method of Xray photoelectron spectroscopy (XPS) was implemented to reaffirm if the samples being produced are indeed molybdenum carbide. The XPS gives surface specific in-formation of elemental compositions and chemical bonding. To further confirm the credibility of the experiments being examined, reference samples of molybdenum metal and molybdenum carbide were also examined. Experiments 18, 26, 27 and 28 were run in the XPS and compared to the reference runs. Experiment 18 displayed a small broad peak around 284 eV with very little intensity, which was greatly comparable with reference molybdenum metal (see Figure 7) . It was also found that reference 99.8% molybdenum carbide, which was purchased from the same company that provided the reference 99.8% molybdenum, had a distinct peak at approximately 284 eV, which was similarly seen in Experiments 26 and 27. Experiment 28 also showed a likeness to reference molybdenum carbide, but with a less intense peak. The peak for carbide is actually at 283.3 eV 4 and the peaks for Experiments 26, 27, 28, and the molybdenum carbide reference have a shoulder at 283 eV.
In order to elucidate the identity of the shoulder, there are two methods that can be employed in the XPS. The first method involves etching the surface of the sample for a period of time, which can free the surface from compounds that attached to the sample when exposed to the atmosphere. The second method suggested involved the heating of the sample at high temperature such as 700 K, which will completely desorb any hydrocarbons on the surface. 4 However, the XPS used could not reach temperatures higher than 500 K, so only the first method was used.
A problem with etching is that if a sample is etched too much, the sample itself can be reduced or the surface can be etched off. To safeguard against these problems, the reference molybdenum carbide was etched for set number of times and compared to the experimental data. Figure  8 A distinct difference can be determined from examination of Figure 9 , showing that the shape of the molybdenum metal peaks, even after 13 minutes worth of etching, do not display any signs of changing form after 8 minutes. Also noticed is that plots of reference molybdenum carbide (Figure 8 ) did not change dynamically until after being etched for a total of 13 minutes. Figure 10 is a plot of Experiment 27 and it shows that 8 minutes of etching is needed before illustrating signs of its shape changing, and 13 minutes reveal more distinction in the peaks. The formation of the two peaks after 13 minutes of etching is similar to those formed in the reference molybdenum carbide, suggesting of the possible formation of molybdenum carbide in Experiment 27 ( Figure 11) .
The data acquired in Figure 11 exemplifies the description of the fitted molybdenum carbide and molybdenum metal peaks in the M o 3d region of an XPS graph, 4 which also suggests Experiment 27 indeed displays characteristics of reference molybdenum carbide. The data collected in the C 1s region of Experiment 27 after 13 minutes of etching show no signs of carbon or carbide (see Figure 12) . The current hypothesis is that the nanolayer of carbide has been formed on the surface of the M o but it is being etched away by the ion gun. It could, however, be a layer of carbon contamination, which was absorbed from the air. It can be concluded, however, that a thin layer of some sort of carbon species is on the surface of the molybdenum because there was carbon present before etching began (Figure 7 ). Because of the etching process needed to rid the surface of the sample of any contaminants, it is unclear if the carbide is actually being knocked off the surface, as opposed to the intention of removing the oxides and carbon contamination. Therefore, the technique of heating the sample may have to be implemented and tested.
XPS graph of C 1s peak after 13 min of etching: M o metal has small amount of carbon. Reference molybdenum carbide has carbon contamination at 284 eV and a carbide peak at 283 eV. Experiment 27 shows no carbon. Figure 13 is an overlay plot of the oxygen 1s peak from Experiment 27. The peak shows that there is a significant amount of molybdenum oxide contamination and etching removes very little of it. M o x O y is not catalytically active so it lowers the reactivity of molybdenum carbide. No preparation of the sample was performed before testing it. Rates were measured at 275
• C and atmospheric pressure. The reactant was initially a dry gas containing 10.35% CO in H 2 , which was run through a bubbler. There, it picked up water vapor, which is necessary for the water-gas shift reaction. The flow rate was 30 cm The gas flowed for 51 minutes before the sample was collected. The collection time was 30 seconds. A schematic diagram of the reactor is shown in Figure 14 and the gas chromatograph of the sample is shown in Figure 15 . The CO conversion was calculated as 0.5%. Values that Liska 20 observed for commercial molybdenum carbide and molybdenum are in the Appendix as Table III and IV respectively. His experiments were conducted at 275
• C with an initially dry gas containing 10.35% CO in H 2 , which was run through a bubbler. Liska, however, used 1-2 grams of catalyst and had flow rates that varied from 40 to 50 There are many possible explanations for the low CO conversion that was observed. The amount of catalyst used was only 0.1 g, while Liska used 1-2 g. 20 Liska also used higher flow rates, which affect the results. 20 The sample used in the WGS was not analyzed with the XPS or TEM making it unknown if the sample even reacted correctly to form molybdenum carbide. Also, surface contamination is probable since the synthesis was performed one week before it was tested.
Conclusion
By looking at several experiments with the TEM, it was observed that the best coverage of molybdenum carbide occurs when the ethylene concentration is 3%; however this is a tentative conclusion, because the data are ambiguous. The XPS revealed that molybdenum carbide reacts with the air readily and that the sample has a significant amount of oxygen contamination on the surface and the intensity of the oxygen peak stays high even after the sample is etched. By using the etching feature on the XPS, it is shown that a thin layer of carbide and/or other carbon species is on the surface of the molybdenum particles. A sample from reaction with 3% ethylene was tested in a WGS reactor and found to have CO conversion of 0.5%.
More analytical instruments are necessary in addition to the XPS in order to definitively confirm that the samples are indeed molybdenum carbide. The data acquired from these instruments, especially the TEM are ambiguous. Secondary ion mass spectrometry (SIMS) may be an instrument that would be useful for future researchers.
Future groups could use the heating feature in the XPS to see if it will generate more defined peaks on the plots produced. It would be useful to use the XPS to determine what the elemental composition is as a function of etching time. To reduce the exposure of the samples to the air, flushing and storage of the samples with hydrogen gas may need to be conducted. Ledoux et al., however, has shown that as soon as a clean surface of molybdenum carbide is exposed to the air, nearly all of the contamination returns. This issue should be addressed in order to determine the practicality of such a reactive catalyst.
Lastly, the WGS in the presence of our catalyst should be examined numerous times and the same samples should be studied analytically.
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